Abstract: Investigation was carried out on the influence of mechanical properties on the intensity of axial residual stress after cold drawing of metallic bars. Yield stress, Young's modulus, and work-hardening ratio were chosen as indications of mechanical properties, and quantitative influence was examined numerically on an ordinary cold drawing. After examining the quantitative influence of mechanical properties on the axial residual stress after drawing, further numerical experiments were carried out on the skin-pass effect in reducing the intensity of axial residual stress distribution, which the authors presented a result in the previous study by using S45C steel bars. In order to clarify the validity of the numerical analysis, various materials of different mechanical properties were selected, and cold drawing experiments were carried out in a laboratory to check the validity of the numerical results. The materials selected were (1) high-carbon steel, (2) medium carbon steel, (3) copper, and (4) aluminum. The residual stress was measured by Sachs method, and good agreement was obtained between the calculated and measured results in any case. It was found that the axial residual stress distribution is most sensitive to the work-hardening ratio, and an optimum skin-pass drawing condition was presented by quantitatively examining the effect of skin-pass in reducing the axial residual distribution.
INTRODUCTION
It is known that the residual stress plays an important role in determining the final geometry of cold-worked metallic products. There is an increasing demand from the market that the cold-worked products be supplied to the customer without any finishing process for reducing the residual stress in order to ensure the product geometry. In other words, sensitivity to the manufacturing cost has been increasing. There are studies on the evaluation of the residual stress in the cold-worked products [1, 2] , and also on the optimum tool geometry in minimizing the residual stress after cold drawing [3] . However, in these references attention has been focussed on only one material, and few investigations have been carried out on the quantitative evaluation concerning the influence of mechanical properties of materials.
In the manufacturing process, there are two cases of treatment where only one material is treated, and where various materials are treated consecutively using the same die. In the former case, there is no need for evaluating the influence of the difference in material properties on the residual stress. In the latter case, however, it is important to understand the quantitative influence of the difference in material properties on the residual stress, because it may lead to a decision whether to adopt a different process for specific materials. This viewpoint is important on the manufacturing side, because decisions concerning the manufacturing process directly influence the manufacturing cost.
In 
LABORATORY EXPERIMENTS
Laboratory experiments were carried out in order to check the validity of the numerical analyses. Stress-strain curves for various materials were first measured, and then the axial residual stress was measured using Sachs method [5, 6] after cold drawing in order to compare the results with the numerical ones. Table 3 shows the list of materials selected and the details of specimen preparation. The specimens were subjected to tension test, and stress-strain curves were measured. The results are illustrated in Fig. 4 . It is shown that high-carbon steel AISI1110 has the highest workhardening ratio, and aluminum has the lowest among the materials supplied for the tension test. It is assumed that of Mechanical Properties on Residual Stress there will be a big difference in the measured residual stress between these two materials.
Preliminary Experiments

Drawing Experiments and Measurement of Residual Stress
The materials, after being annealed under the condition given in Table 3 , were subjected to cold drawing using the draw bench and die shown in Fig. 5 .
The drawing conditions are given in Table 2 . Specimens of specific length were cut from the drawn bars and were subjected to the measurement of residual stress by the Sachs method, of which the detailed procedure and a sample specimen are indicated in Fig. 6 . In order to suppress the influence of drilling on residual stresses, the Table 3 . Conditions of specimen preparations for tension test. start hole, drilled at less than specified diameter dz by 1mm in advance, was enlarged using boring tool. The specimen was rotated at 115rpm against the boring tool. The measured changes in strain are given in Table 4 .
Results
The estimated results of the residual stress from the changes in the measured strain by the Sachs method were compared with the predicted ones by numerical analyses in Fig. 7 Numerical experiments were first carried out in a similar manner as those in the previous section under such conditions as shown in Table 5 . The results in Fig. 9 show that the leveling effect of axial residual stress by skin-pass drawing highly depends upon the workhardening ratio H, similar to the previous results for the single-die drawing, while the other two factors, Young's 
VALIDATION OF NUMERICAL ANALYSIS
In order to check the validity of the numerical results in the previous section, laboratory experiments were carried out on an ordinary single-pass drawing and also on a skin-pass drawing. Two materials were selected, one of which had a larger work-hardening ratio in comparison with the other. The drawing conditions are given in Table  6 .
After drawing, the axial residual stress was measured using the Sachs method in the similar manner as in the previous section.
The results are shown in Fig. 11 . Matching of the numerical results with the experimental ones is excellent, and it can be concluded that numerical analyses predicted well the residual stress. Although the effect of skin-pass drawing is clear, as it was predicted, there is an influence of work-hardening ratio on the effect of skin-pass drawing, and the effect is revealed more obviously where the work-hardening ratio is smaller.
DISCUSSION
As shown in Fig. 3 , the work-hardening ratio has a strong influence on the axial residual stress among mechanical properties. This result implies that the intensity of residual stress may depend on flow stress, which is total of initial yield stress and work-hardening.
In Fig. 12 
